Over-expression in E. coli of a tau (U) class glutathione transferase (GST) from maize (Zea mays L.) termed ZmGSTU1 caused a reduction in heme levels and an accumulation of porphyrin precursors. This disruption was highly specific with the expression of the closely related ZmGSTU2, or other maize GSTs, having little effect. Expression in E. coli of a series of chimeric ZmGSTU1/ZmGSTU2 proteins identified domains responsible for disrupting porphyrin metabolism. In addition to known heme precursors, expression of ZmGSTU1 led to the accumulation of a novel glutathione conjugate of harderoporphyrin(ogen)
Over-expression in E. coli of a tau (U) class glutathione transferase (GST) from maize (Zea mays L.) termed ZmGSTU1 caused a reduction in heme levels and an accumulation of porphyrin precursors. This disruption was highly specific with the expression of the closely related ZmGSTU2, or other maize GSTs, having little effect. Expression in E. coli of a series of chimeric ZmGSTU1/ZmGSTU2 proteins identified domains responsible for disrupting porphyrin metabolism. In addition to known heme precursors, expression of ZmGSTU1 led to the accumulation of a novel glutathione conjugate of harderoporphyrin (ogen) [2,7,12,18-tetramethyl-3-vinylporphyrin-8,13,17-tripropionic acid].
Using the related protoporphyrinogen as a substrate, conjugation could be shown to occur on one vinyl group and was actively catalyzed by the ZmGSTU. In plant transgenesis studies, the ZmGSTUs did not perturb porphyrin metabolism when expressed in the cytosol of arabidopsis or tobacco. However, expression of a ZmGSTU1-ZmGSTU2 chimera in the chloroplasts of tobacco resulted in the accumulation of the harderoporphyrin(ogen)-glutathione conjugate observed in the expression studies in bacteria. Our results show that the well known ability of GSTs to act as ligand binding (ligandin) proteins of porphyrins in vitro, results in highly specific interactions with porphyrinogen intermediates which can be demonstrated in both plants and bacteria in vivo.
Glutathione transferases (GSTs) are a superfamily of proteins that have well characterized roles in drug metabolism in animals through their ability to catalyze the conjugation of electrophilic xenobiotics with the tripeptide glutathione (γglu-cys-gly = GSH) (1) . Defining their roles in endogenous metabolism has proven more elusive, with GSTs now known to function in prostaglandin synthesis, tyrosine degradation, the reduction of organic hydroperoxides and intracellular signaling (1) . Most work on these proteins has focused on their GSH-dependent catalytic activities and far less attention has examined their functions as proteins which bind bioactive ligands (2). This is perhaps surprising, as GSTs were first identified in mammalian liver as proteins which selectively bound organic anions, notably tetrapyrrole bile acids (3) . Subsequent studies with mammalian GSTs showed that this 'ligandin' activity was shown with both tetrapyrroles and porphyrins (4, 5) , with similar activities demonstrated with GSTs from oat plants (6, 7) . As is the case in animals, GSTs are also encoded by a superfamily of genes in plants such as arabidopsis (8) and rice (9) and can be grouped into the tau, phi, theta, zeta, lambda and dehydroascorbate reductase classes (9, 10) . As part of a long term program we are engaged in functionally characterizing these proteins in crops, where they have important roles in conjugating herbicides and other agrochemicals with GSH (11) . In contrast, the functions of these proteins in endogenous plant metabolism are largely unknown.
Specific classes of GSTs, like the dehydroascorbate reductases and zeta enzymes have been ascribed roles in ascorbate recycling 2 and tyrosine catabolism respectively (10, 12) . However, the natural functions of the large and plant-specific phi (GSTF) and tau (GSTU) proteins, which dominate the superfamily in arabidopsis and rice (9) , are almost entirely unknown.
Based on the body of mammalian ligandin literature (2) and the potential importance of tetrapyrrole metabolism and transport in plants (13), we have examined the potential roles of GSTs from maize (Zea mays) to act as tetrapyrrole binding proteins.
The maize ZmGSTs were selected as members of both the phi and tau classes from this plant had been shown to bind porphyrins as recombinant proteins in vitro (14, 15) , with the conjugating activities of the phi class enzymes ZmGSTF1, ZmGSTF2 and ZmGSTF3 toward the model substrate 1-chloro-2,4-dinitrobenzene (CDNB) being inhibited by a range of porphyrins (14) .
Intriguingly, these interactions were subtly different, with ZmGSTF3, but not ZmGSTF1 or ZmGSTF2, slowing the rate of oxidation of bound protoporphyrinogens to the respective protoporphyrins (16) . Similarly, the conjugating activity of the tau class enzymes ZmGSTU1 and ZmGSTU2 were strongly inhibited by the porphyrins hemin and chlorophyllin (15) . For both tau and phi class GSTs, the biological significance of this tetrapyrrole binding is unclear, as these proteins are predicted to be cytosolic, whereas free porphyrins and their precursors accumulate predominantly in the chloroplast (17) . However, while it is unlikely that GSTs would play a central role in porphyrin biosynthesis in the plastid, tetrapyrrole metabolites are known to enter the cytosol both during heme biosynthesis in the mitochondrion (13) and as a result of chlorophyll degradation during senescence (18) . It is therefore possible that cytosolic ligandin GSTs could function to bind and transport reactive tetrapyrrole metabolites during organelle biogenesis and turnover.
To study the potential range of tetrapyrroles able to interact with the maize GST, the respective proteins were expressed in Escherichia coli, a noncompartmentalized system, where the putative ligandins can interact with endogenous porphyrins at any point in their biogenesis. Having identified any ligandin activity in vivo and characterized the associated porphyrin binding interactions in vitro, the effect of the ectopic expression of the GSTs in the cytosol and chloroplast of arabidopsis and tobacco respectively was then determined.
Experimental Procedures
Materials-Porphyrin standards were obtained from Frontier Scientific Europe, Ltd., Carnforth, UK. Protoporphyrinogen IX (PPgen) was freshly synthesized from protoporphyrin IX (PPIX) by reduction with sodium amalgam after dissolution in 20% ethanol containing 10 mM KOH (19) . Constructs pDD5 and GST6, for expressing Nterminal beta-galactosidase fusions of ZmGSTU1 and ZmGSTU2 respectively in E. coli, were available from previous studies (15, 20) , as were chimeras encoding a series of spliced variants of the two ZmGSTUs (21), and pET11-based vectors for expression of untagged maize GSTs (20) . Vectors for expressing ZmGSTU1 and ZmGSTU2 as N-terminally his-tagged polypeptides (ZmGSTU1-his and ZmGSTU2-his respectively) were synthesized by ligating the coding sequences for the enzymes into the NdeI and BamH1 sites of pET-28a (Novagen). Recombinant protein expression-His-tagged proteins were purified using nickel affinity chromatography and stored as ammonium sulfateprecipitated pellets (12). E. coli clones harboring GST expression plasmids were grown to stationary phase overnight in the presence of 1 mM isopropyl β -D-1-thiogalactopyranoside (IPTG). Cells were collected by centrifugation and re-suspended in 5% (v/v) of the original culture volume using 20 mM Tris-Cl pH 7.5. For GST enzyme assays, the suspension was lysed by sonication, centrifuged and assayed for activity towards the model substrate 1-chloro-2,4-dinitrobenzene (CDNB) (15) . For porphyrin analysis, 1 volume of 4% HCl in acetone was added and mixed. After 10 min at 4 °C, the extract was centrifuged and the supernatant analyzed. GST conjugation assays-All solutions used were vacuum degassed, with procedures performed under subdued light to minimize oxidation. Reactions (100 µl) were carried out in 100 mM Tris-Cl pH 7.5, with enzyme (normally 10 µM) and GSH (1 mM), added prior to freshly synthesized PPgen (20 µM).
Assays were incubated at 30 °C for 10 min and then quenched 3 with N-ethylmaleimide (5 mM). After incubating in the dark (24 h) to promote the oxidation of porphyrinogens to porphyrins, 6 M HCl (8 µl) was added to denature the enzymes and solubilize the porphyrins. Samples were analyzed by HPLC-MS after centrifugation. Controls consisted of assays i) omitting ZmGSTUs or replacing the enzyme with 1 mg/ml bovine γ -globulin, ii) omitting enzyme and GSH, and iii) substituting PPIX for PPgen. PPgen oxidation protection assays were performed in 0.1 M Tris-Cl pH 7.5 containing 0.1% Tween 20 to aid PPIX solubility, 20 µM PPgen and 2 µM enzyme. The formation of oxidized PPIX was measured by monitoring absorbance at 400 nm over 15 min. Porphyrin analysis-The total porphyrin content of bacterial extracts was determined by UV/visible spectroscopy. HPLC-MS analysis of bacterial extracts was performed using a Jupiter C 18 column (150 mm x 2 mm 5µm packing, 300Å pore size; Phenomenex, Macclesfield, Cheshire, UK) with a linear gradient of increasing acetonitrile in 0.5% v/v formic acid (25% to 100% acetonitrile in 15 min, 0.2 ml/min). Porphyrins were detected by photodiode array detection (Waters 996 PDA, 350 -700 nm) and in-line mass spectrometry (MS) using a Micromass LCT instrument, running in positive electrospray ionization time-of-flight (ESI ToF) mode. MS settings were: capillary = 3000 V; RF lens = 250 V; extraction cone = 6 V; ToF flight tube = 4666 V; reflectron = 1794 V; desolvation temperature = 250 °C; source temperature = 120 °C. Cone voltage was 45 V, except for fragmentation experiments (150 V). In vitro assays were analyzed in a similar manner, except that chromatography was performed on a Luna C18(2) 100Å column (150 mm x 2 mm, particle size 3 µm; Phenomenex). For MALDIToF MS analysis, pooled fractions were lyophilized and redissolved in 10 µl 50% acetonitrile, 0.1% formic acid. For each fraction, a 1 µl aliquot was dried onto a stainless steel target plate, before addition of 1 µl of a saturated solution of alpha-cyano-hydroxycinnamic acid in 50% acetonitrile containing 0.3% (v/v) trifluoroacetic acid. After drying, the samples were analyzed in a Voyager DE-STR MALDI mass spectrometer (Applied Biosystems, Foster City, CA, USA) operating in positive reflectron mode. Spectra were externally calibrated using a PPIX standard. For porphyrin analysis of plant tissue, samples were homogenized in 4 vols methanol:DMSO (7:3) and centrifuged to remove debris. The supernatant was analyzed by HPLC using a Phenomenex Phenosphere ODS2 5µ column (125 mm x 4 mm) using a 10 min gradient of 10% to 90% methanol in 0.1 M ammonium acetate pH 5.2 at 0.8 ml/min, with detection by fluorescence (Waters 474 detector, λ ex = 405 nm, λ em = 625 nm, 18 nm window). Samples of interest were further analyzed by HPLC-PDA-MS using a Waters BEH C 18 column (100 mm x 2 mm) with a 9 min gradient (5% to 100% acetonitrile in 0.1% formic acid at 0.2 ml/min) coupled to a Waters Q-TOF Premier mass spectrometer (ESI +ve). Proton NMR spectra were acquired in 50 µl (CD 3 ) 2 SO on a Varian Inova 500 instrument, using a magic-angle spinning nano-probe. Gel filtration-Protein samples (200 µl) were loaded onto a pre-calibrated Superdex 75 HR 10/30 column (Amersham Biosciences, Chalfont St. Giles, Buckinghamshire, UK) and eluted with 50 mM KPO 4 buffer, pH 7.0, 150 mM NaCl at 0.5 ml/min (20) . The eluate was monitored for absorbance at 280 nm and 400 nm, and 0.5 ml fractions analyzed for GST activity.
GST expression in plants-Transgenic arabidopsis lines constitutively over-expressing cytosolic
ZmGSTU1 and ZmGSTU2 were available from previous studies (22) . For transient cytosolic expression, ZmGSTU1 and ZmGSTU2 were cloned into a custom binary vector allowing constitutive expression of N-terminally Streptagged (BIN-STRP3) protein (see supplementary methodology).
The vectors were used to transform Nicotiana benthamiana by Agroinfiltration (23), along with construct 35S:p19 to provide co-expression of the tomato bushy stunt virus p19 protein to suppress gene silencing (24) . Infiltrated tissue was analyzed 7 d after infiltration and expression confirmed by SDS-PAGE analysis of Strep-tactin affinity chromatography-purified fractions.
Nicotiana tabacum transplastomic plants were generated as summarized in supplemental figure 1. The 680 bp Nco I-Hind III EFD6-115A and 770 bp Nde I-Hind III AtGSTT1 fragments corresponding from plasmids pEFD6-115A (encoding a mutant ZmGSTU) and pET-ATT4-2 (AtGSTT1) respectively (22, 25) were cloned into plastid expression cassettes driven by the AtpA promoter 4 and terminated by the rbcL 3' UTR (26)(Supplemental figure 1). The gusA expression cassette was excised from the plastid targeting vector pUM73 (27) with Not I and replaced with Apa I-Not I fragments containing the EFD6-115A or AtGSTT1 plastid expression cassettes using a Not I-Apa I linker. The aadA expression cassette confers resistance to spectinomycin and streptomycin, with the constructs containing EFD6-115A termed pUM2001-EAM and for AtGSTT1 pUM2000-EAM. Plastid targeting vectors were transformed into a pale-green plastid rbcL deletion mutant of N. tabacum CV wisconsin 38, which facilitates the rapid isolation of homoplasmic plastid transformants (26) . Plastid transformants were dark-green and resistant to spectinomycin and streptomycin due to rescue of the rbcL deletion and incorporation of aadA by transforming DNA. Homoplasmy was determined by DNA blot analysis (supplemental figure 1) with an accD probe as described (26) .
Modeling-Modeling of PPgen binding to
ZmGSTU1 was carried out using the protein coordinates of OsGSTU1, PDB entry 1OYJ (22) . The OsGSTU1 polypeptide is 73% sequence identical to ZmGSTU1 and highly conserved in sequence around the active site cavity and was used directly for modeling. Hydrogens and lone pairs were modeled using INSIGHTII (Accelrys Inc., San Diego, CA, USA) for the protein dimer including GSH. A molecular model of PPgen was built using INSIGHTII and a low energy multi conformational model was produced using CATALYST (Accelrys Inc.). Fifteen low energy conformations of PPgen were used as starting models for docking using GOLD (28) . A distance constraint was included to position the vinyl group (one of two possible) within 3.0 Å from the GSH sulfhydryl group. Two runs, each using one of the two non-equivalent vinyl groups as a restraint were performed in total. The 100 solutions generated were scored and ranked using the GOLD fitness function. Best solutions were chosen from these scores and the likely chemical orientation of the vinyl group with respect to the GSH sulfhydryl group.
RESULTS

Disruption of porphyrin metabolism in E. coli by GST over-expression.
To determine whether any of the available maize GSTs was likely to have an in vivo role in tetrapyrrole binding and/or metabolism, a screen in E. coli was used to express recombinant GSTs and examine any resulting metabolic perturbations. E. coli was used to take advantage of the high expression levels attainable for recombinant proteins, the lack of cellular compartmentation and the substantial overlap between plant and bacterial tetrapyrrole metabolism. In previous bacterial expression protocols, cultures were treated with IPTG for 3 h and then harvested for optimal recovery of the ZmGSTUs (15) .
In a revised procedure to promote slow, continuous expression and thus maximize the likelihood of metabolic perturbation, transformed cultures were grown to stationary phase in the presence of 1 mM IPTG throughout. Maize GSTs from the tau (ZmGSTU1, ZmGSTU2 and ZmGSTU3) and phi (ZmGSTF1 and two variants of ZmGSTF3) were expressed as the respective native proteins in E. coli under these conditions. Based on the relatively low amounts of recombinant proteins determined, ZmGSTU1 and ZmGSTU2 were subsequently routinely expressed as the higher yielding N-terminal β-galactosidase (Gal) fusions.
In each case the expression of recombinant GSTs were quantified by assaying crude extracts for conjugating activity towards CDNB and then using specific activity data published previously (20) .
Following centrifugation, the bacterial pellets from cells expressing ZmGSTU1 (native and Galfusion) were visibly pinker than those from untransformed E. coli, or from those expressing other GSTs at comparable concentrations of expressed protein. Comparison of the UV/vis spectra of solvent extracts from bacteria showed that cells expressing ZmGSTU1 had a major absorption peak at 400 nm, with a further series observed between 500 nm and 650 nm, which was suggestive of porphyrin accumulation (Fig. 1A) . Ammonium sulfate treatment of crude lysates from ZmGSTU1-expressing cells precipitated the pigment. When analyzed by gel filtration, most of the pigment co-eluted in the high molecular weight fraction along with the GST activity and so appeared to be protein-bound.
When the ammonium sulfate precipitate was extracted with 50% acetone containing 2% HCl, the pigment was solubilized from the pellet, confirming that this binding was non-covalent.
To identify the 5 porphyrin pigment, organic solvent extracts were analyzed by HPLC coupled to photo diode array (PDA) detection and ESI-ToF MS. The resolved metabolites (Fig. 1B) were subjected to an elevated cone voltage (150 V) to promote fragmentation (Table 1) . Control bacteria contained a single major metabolite (peak 5) which absorbed light at 400 nm and which eluted at 16.4 min. (Fig. 1B) . Bacteria expressing ZmGSTU3, ZmGSTF1 and ZmGSTF3 displayed a similar profile. In contrast, extracts from bacteria expressing ZmGSTU1 contained very little peak 5. Instead several earlier eluting peaks, with the absorption spectra of porphyrins were observed (peaks 1 to 4) which were not present in the control cultures (Table 1) . Bacteria expressing ZmGSTU2 accumulated a qualitatively similar profile of porphyrin precursors to those expressing ZmGSTU1, but at 20-fold lower levels (Fig. 1B) , even though the levels of recombinant protein expression was similar.
Based on PDA and MS data, the porphyrin metabolites were identified and their relationship to other pathway intermediates determined by reference to published data (29) . A summary of the observed disruptions in the porphyrin pathway is shown in Fig. 2 . Peak 5 present in the control corresponded to heme B, with peaks 1 and 4 identified as uroporphyrin and coproporphyrin respectively. Peak 2, which probably contained more than one metabolite, gave no mass ions and could not be identified, but its absorption spectrum was porphyrin-like. In peak 3, two time-resolved mass spectra were observed (3a and 3b). Peak 3a (m/z = 699.31) was pentacarboxyl porphyrin, an intermediate between uroporphyrin and coproporphyrin (Fig. 2) . Peak 3b contained 2 major mass ions, with m/z values of 609.31 and 916.42 respectively (Fig. 3) . Significantly, the 609.31 mass ion species corresponded exactly to harderoporphyrin, the oxidized form of the intermediate harderoporphyrinogen (HPgen) formed in converting coproporphyrinogen to protoporphyrinogen (Fig. 2) . This reaction is catalyzed by coproporphyrinogen oxidase and comprises two similar steps (30) , each converting a propionyl group to a vinyl group (Fig. 2) . The larger ion (m/z 916.42) was 307.1 Da larger than the m/z 609.31 ion, which corresponded exactly to an addition of a molecule of GSH. It was rationalized that the compound in peak 3b was harderoporphyrin (HPin) S-glutathionylated at its single vinyl bond (HPin-SG). It was concluded that peak 3 must be HPin-SG which underwent fragmentation during ESI to yield the HPin substituent ion (m/z 609.31). The conclusion that this was a conjugated porphyrin was further supported by the polar nature of peak 3. Thus, if the compound was unmodified HPin it would be more hydrophobic than pentacarboxyl porphyrin and therefore elute much later. Instead, it comigrated with this polar porphyrin (Fig. 2) . (33, 34) . Conversely, there was no evidence of remaining vinyl protons or β -addition, thus we conclude that HPin-SG has the structure illustrated (Fig. 2) .
ZmGSTU-catalyzed glutathione conjugation of porphyrinogens. GSH conjugates of porphyrins have only previously been described following chemical synthesis (35) .
The selective accumulation of HPin-SG in the ZmGSTU1-expressing E. coli suggested that either the recombinant enzyme had catalyzed the conjugation, or that the accumulating porphyrin had undergone a spontaneous reaction with the thiol, either in the bacteria or during acid extraction (35) .
Since porphyrin synthesis proceeds via the reduced porphyrinogen intermediates (Fig. 2) , it was also unclear whether the reduced harderoporphyrinogen (HPgen) or 6 oxidized HPin had undergone S-glutathionylation. Therefore, in vitro assays were performed with the his-tagged ZmGSTUs, which were purified as the respective active dimers ZmGSTU1-1 and ZmGSTU2-2 respectively, to determine whether or not these enzymes could catalyze the GSH conjugation of porphyrinogens and porphyrins bearing electrophilic vinyl groups. As HPin(ogen) was not available, PPgen was used as a potential related substrate, being generated by the reduction of commercially available PPIX. Following incubation, reaction products were left to slowly and spontaneously oxidize to the more stable porphyrin derivatives, with rapid oxidation stimulated by acidification leading to the generation of abundant unwanted by-products. When PPgen was assayed in the presence of ZmGSTU1-1 or ZmGSTU2-2, two new major metabolites eluting at 14.2 min and 15.0 min were observed. These products were absent in control incubations, or when PPIX was used as substrate ( Consistent with the presence of glutathione conjugates, ESI ToF MS analysis of each peak also yielded an m/z 741.4 ion. This loss of 129 Da from the parent ion is characteristic of the elimination of anhydroglutamic acid from S-glutathionylated derivatives (36) . The presence of two PPIX-SG peaks suggested that two isomers had been formed, either due to the conjugation of alternative vinyl substituents, or possibly due to diastereomer formation since GSH addition introduces a new chiral center. Since the earlier eluting PPIX-SG peak was always 6-to 10-fold more abundant than the other conjugate, this suggested that both GSTs had a strong preference for conjugating one vinyl group over the other (or showed incomplete stereoselectivity if the two peaks were diastereomers). As expected of a GSH-dependent reaction, no conjugate was formed when the reaction was quenched with N-ethylmaleimide prior to PPgen addition. An identical glutathione conjugation of PPgen was determined when native recombinant ZmGSTU1-1 and ZmGSTU2-2 were assayed, demonstrating that the his-tag did not interfere with activity. The rate of product formation was linear only over the first 60 s, with conjugation then rapidly tailing off. For both ZmGSTU1-1 and ZmGSTU2-2, conjugate formation was linearly dependent on enzyme concentration up to 20 M. Coupled with the time course data, this suggested that each enzyme molecule was only able to effect the conjugation of a single PPgen molecule, presumably due to tight binding of the GSH-conjugated product forming an inactive enzyme-product complex.
Location of polypeptide regions important for porphyrin binding. The availability of two related GSTs, one of which disrupted heme synthesis in E. coli (ZmGSTU1), while the other did not (ZmGSTU2), suggested that it should be possible to probe for key domains responsible for the activity by creating chimeric proteins.
To determine which region of ZmGSTU1 was responsible for 'heme' activity, its N-terminal region of varying length was fused to the remaining C-terminus from ZmGSTU2 (21). These chimeras were named based on the length (in nucleotides) of the portion of coding region derived from ZmGSTU1. Thus, the chimera U1.40.U2 had 40 nucleotides (13 amino acid residues) of ZmGSTU1 with the remainder being ZmGSTU2. Each of the chimeras was expressed in E. coli and assayed for GST activity and the relative levels of heme B and peak 3 (Fig. 1B) . After correcting for differences in relative levels of GST expression (21), it was possible to group the chimeras into three classes based on their relative disruption of porphyrins, which was determined based on the relative accumulation of peak 3 (Table 2 ). Cultures expressing ZmGSTU2 and chimeras up to U1.100.U2 accumulated very low levels of peak 3, U1.140.U2 to U1.225.U2 accumulated moderate amounts, while ZmGSTU1, U1.360.U2 and U1.500.U2 were hyperaccumulators. With heme B, this order was reversed with the highest levels found for samples with low amounts of peak 3, and vice versa. The U1.100.U2 and U1.140.U2 polypeptide sequences 7 differed at 4 positions while U1.225.U2 and U1.360.U2 sequences differed at 7 positions. From this it could be concluded that relatively minor changes in these two GSTs resulted in significant modulation in porphyrin binding.
Molecular docking of PPgen. Although ZmGSTU1 has not been subject to structural biology studies, a structure was available for a closely related tau class from rice (OsGSTU1) (22) . From calculations of the molecular docking of PPgen with OsGSTU1, it was apparent that there was space for the PPgen to bind within the active site cleft of the enzyme (Fig. 5) . Based on the scoring function, it was clear that the 3-vinyl group would be the preferred ligand over the 8-vinyl group. In a number of the high scoring solutions, the tetrapyrrole ring interacted extensively with Tyr112 (ZmGSTU1 numbering for clarity) with the 2-methyl-3-vinylpyrrole ring fitting into the hydrophobic cavity of the H-site (Fig. 5A) . The vinyl group was ideally positioned for subsequent addition with GSH and the pyrrole ring formed favorable hydrophobic interactions with the C-terminal helix. In contrast, when the 8-vinyl group was used as a restraint, it was not possible to obtain solutions with as high fitness scores and the vinyl group was not as optimally positioned in the active site. A reasonable solution therefore has the tetrapyrrole ring interacting with the terminal carboxyl of GSH and making less interaction with the H-site (Fig. 5B) . In this orientation one of the acetate groups is then able to make a salt bridge with Lys57.
GST expression in plants causes porphyrin conjugate accumulation. Transgenic arabidopsis plants constitutively over-expressing either ZmGSTU1 or ZmGSTU2 were available from previous studies (22) . These plants showed no overt phenotype, with porphyrin analysis showing no significant differences between the ZmGSTUexpressors and untransformed controls (Supplementary figure 2A) . Transient expression of these GSTs in Nicotiana benthamiana through Agrobacterium infiltration of leaves again failed to alter the extractable porphyrin profile (Supplementary figure 2B) . It therefore appeared that over-expressing 'ligandin' GSTs in the plant cytosol did not perturb porphyrin metabolism. In previous studies we generated a ZmGSTU1/ZmGSTU2 chimeric enzyme (= EFD6-115A) with very high GSH conjugating activity toward diphenyl ether herbicides and demonstrated this activity in arabidopsis plants (15) . While looking at the consequences of expressing a herbicide-detoxifying enzyme in the chloroplast, we generated a transplastomic line of Nicotiana tabacum which expressed EFD6-115A. Having demonstrated that the chimeric enzyme disrupted heme synthesis and caused HPin-SG accumulation when expressed in E. coli, we were able to test the possibility that this GST could disrupt porphyrin metabolism in planta if expressed in the compartment actively synthesizing these metabolites. As a control, transplastomic plants were also produced which expressed a theta class GST from Arabidopsis (AtGSTT), which did not show ligandin activity when expressed in E. coli. Porphyrin analysis showed that, the EFD6-115A transplastomic plants accumulated a novel fluorescent metabolite that had a porphyrin-like UV spectrum ( As determined using a coproporphyrin standard, HPin-SG was found to accumulate to 1.1 ± 0.4 nmol.g fw -1 plant tissue.
DISCUSSION
When over-expressed in E. coli, ZmGSTU1-1 caused a suppression of heme B formation and the accumulation of porphyrin intermediates up to and including HPin, the latter present as the respective GSH conjugate (Fig. 2) . This would suggest that ZmGSTU1-1 intervenes in the pathway during the conversion of HPgen to PPgen.
The exact mechanism of ZmGSTU1 intervention remains to be elucidated, but based on the available evidence the recombinant protein presumably traps the HPgen intermediate with high affinity and catalyzes its S-glutathionylation.
The GST-8 mediated blocking of heme formation then results in a loss of feed-back regulation of the pathway and the accumulation of oxidized heme precursors, with similar derailed metabolism observed in heme-deficient E. coli (37) . The closely related ZmGSTU2 also catalyzed the S-glutathionylation of HPgen in vitro, but was much less effective in disrupting heme synthesis in vivo. From this we can conclude that subtle differences in the two proteins result in ZmGSTU2 being less effective than ZmGSTU1 in competing for HPgen in the living bacteria. Previous enzyme kinetic studies also identified differences in the type of inhibition of ZmGSTU1 and ZmGSTU2 activity determined in the presence of the porphyrin chlorophyllin (20) . Many mammalian and plant GSTs have been shown to bind porphyrins and bile pigments in vitro (2, 4, 5, 14) . Despite this, few studies have investigated this 'ligandin' activity at a molecular level (38) . The current study shows that such ligandin interactions occur under in vivo conditions and are GST isoenzyme-specific. Previous in vitro binding studies demonstrated that specific ZmGSTFs can reduce the rate of oxidation of PPgen (14) .
When we repeated these antioxidant studies with ZmGSTU1 and ZmGSTU2, the rate of PPgen oxidation was reduced by only 23% and 17% respectively (data not shown). Since in both studies the PPgen was present in a ten-fold molar excess compared to the enzyme, it seems most likely that the ZmGSTUs were only able to protect the protein-bound fraction of the porphyrinogen. Based on this binding stoichiometry, it would seem that the most likely explanation of the previously reported antioxidant activity of ZmGSTFs was that they preferentially scavenged PPIX present (14) , thereby preventing it from catalyzing the further oxidation of PPgen. When expressed in E. coli, ZmGSTF3 did not perturb heme metabolism, demonstrating that any role for this phi GST in porphyrin binding/biotransformation was distinct from that observed for ZmGSTU1.
Our studies with HPgen and PPgen demonstrated that the ZmGSTUs catalyze the formation of the more stable GSH conjugates due to addition of GSH to the reactive vinyl bond (Fig.  2) . While chemically generated GSH-conjugates of porphyrinogens have been described previously (35) , to our knowledge this is the first account of the enzymic formation of these metabolites by a GST. Based on derivatization studies with PPgen (35), the electrophilic vinyl groups are the most likely sites for GSH addition. Both HPgen and PPgen were singly S-glutathionylated. While HPgen only contains one vinyl group, PPgen contains two (Fig. 2) , with the molecular modeling (Fig. 5) , suggesting that the 3-vinyl group was the preferred site of conjugation. No evidence that PPgen could undergo double additions with GSH was obtained, presumably due to the size of the intermediate formed after primary conjugation precluding a second reaction. The absence of doubly conjugated PPgen further confirmed that Sglutathionylation was a catalyzed, rather than a spontaneous reaction as reaction at one vinyl site should not significantly alter the reactivity of the other vinyl group.
The availability of the ZmGSTU1 and ZmGSTU2 chimera series, together with the crystal structure of the related tau class OsGSTU1 from rice (22) , identified regions of the enzyme responsible for the disruption of porphyrin synthesis. Previous studies with the chimeras demonstrated that changes in the Nterminal region of the enzymes affected GSH binding, whereas the affinity for the co-substrate CDNB was regulated by residues in the C-terminal region (21) . Disruption of porphyrin synthesis, presumably through HPgen binding and modification, was affected by two regions of the enzyme, distinct from those regulating affinity for GSH or CDNB. Of the two regions, the most dramatic effects seen on porphyrin perturbation were localized between U1.225.U2 and U1.360.U2, which includes the modification Gln115Gly. This substitution was previously shown to have a profound effect on GST structure radically altering conjugating activity of ZmGSTU2 toward the diphenyl ether herbicide fluorodifen (22) . Similarly, our current bacterial and transplastomic expression studies show that the Gln115Ala mutation in EFD6-115A promotes ligandin activity. This is consistent with the modeling studies, which suggest that the binding of the 3-methyl-4-vinyl-pyrrole moiety of the PPgen substrate in the H-site of the enzyme would be sensitive to changes around residue 115. Whether the differences are due to the removal of an unfavorable interaction made by Gln115, or more subtle changes in the orientation of other residues in the hydrophobic ligand binding site, 9 remains to be determined.
The modeling suggested that tyrosine 112 played a pivotal role in PPgen binding and therefore any changes in adjacent residues would be expected to have an effect on ligandin activity. The second region that affects porphyrin accumulation is seen in the transition from U1.100.U2 to U1.140.U2. These chimeras resulted in the substitutions Leu42Gly and Gly45Ser, residues close to the terminal carboxyl of the glycine of bound GSH and also the lysine (Lys44) of the N-terminal domain that coordinates it (Fig. 5A) . From our previous studies (21) , the significant improvement in the K m for GSH between U1.100.U2 and U1.140.U2, which did not affect conjugating activity toward CDNB activity, suggests selective changes in the binding of the thiol co-substrate. The data from the chimeras are consistent with our model of how PPgen binds and is oriented for GSH conjugation.
Addressing the ligand binding function of plant GSTs provides more information on the functional diversification of these proteins and is of potential biotechnological interest. In addition to porphyrins (14) , in vitro studies have shown that specific plant GSTs can bind auxins (39), cytokinins (40) and flavonoid and anthocyanin pigments (41) .
In the case of the flavonoid metabolites, this ligandin activity also operates in planta, being essential for anthocyanin accumulation in maize and petunia (42) . Our transient expression studies in Nicotiana and stable transformation of arabidopsis with ZmGSTU1 shows that when expressed in the cytosol, that the associated ligandin activity was unable to perturb tetrapyrrole metabolism. This appeared to be due to the physical separation of the ZmGSTU from the site of active porphyrin synthesis, since expression of a derived ligandin ZmGSTU in the chloroplast resulted in the accumulation of HPin-SG. This was the same conjugated metabolite observed in ZmGSTU1-expressing bacteria. Our results suggest that if porphyrinogen or porphyrin intermediates were released from the chloroplasts of maize plants, ZmGSTU1 would selectively bind these photoactive ligands in the cytosol.
Putative functions for such cytosolic porphyrin binding proteins include acting as transporters of PPgen to the mitochondrion (13), and potentially functioning in chlorophyll degradation since this requires transporting tetrapyrroles to the vacuole (18) . Ligandin GSTs could also be important in scavenging porphyrins released from chloroplasts during chemically-imposed stress. In this latter role, it is intriguing that in addition to catalyzing the GSH conjugation of diphenyl ether herbicides, that ZmGSTU1 could also exert a secondary protective action by binding photodynamic PPgen intermediates released due to the inhibition of protoporphyrinogen oxidase (22) .
While our over-expression studies with ZmGSTU1 in arabidopsis suggest no obvious role for ligandin GSTs in porphyrin metabolism and transport we are currently looking for the endogenous functional AtGST orthologs in this model plant so we can carry out the forward and reverse genetic studies in the homologous system. On an applied level, the ligandin activity of ZmGSTU1 is also of interest, as it provides a new molecular tool to regulate the porphyrin pathway in vivo (29) . Firstly, the large scale selective generation of relatively stable water soluble Sglutathionylated protoporphyrinogens in bacteria is of potential application in the delivery of porphyrin precursors for use as photodynamic dyes (30) .
For example, glutathionylated porphyrin derivatives would be actively transported by the ATP binding cassette transporter proteins over-expressed in drugresistant tumors (43) . In addition, the selective metabolic disruption of the heme pathway in bacteria and plants leading to the accumulation of uroporphyrinogen intermediates could be potentially very useful, as a means of regulating the availability of precursors for valuable byproduct pathways. These include the selective enhancement of vitamin B12 production (44) , and the formation of specialized cofactors such as coenzyme F430, siroheme and heme d1 (30) . HPin-SG
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